The ERY4 laccase gene of Pleurotus eryngii is not biologically active when expressed in yeast. To explain this finding, we analysed the role of the C-terminus of Ery4 protein by producing a number of its different mutant variants. Two different categories of ERY4 mutant genes were produced and expressed in yeast: (i) mutants carrying C-terminal deletions and (ii) mutants carrying different site-specific mutations at their C-terminus. Investigation of the catalytic properties of the recombinant enzymes indicated that each novel variant acquired different affinities and catalytic activity for various substrates. Our results highlight that C-terminal processing is fundamental for Ery4 laccase enzymatic activities allowing substrate accessibility to the enzyme catalytic core. Apparently, the last 18 amino acids in the C-terminal end of the Ery4 laccase play a critical role in enzyme activity, stability and kinetic and, in particular biochemical and structural data indicate that the K532 residue is fundamental for enzyme activation. These studies shed light on the structure/function relationships of fungal laccases and will enhance the development of biotechnological strategies for the industrial exploitation of these enzymes.
Introduction
Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) are enzymes belonging to the group of polyphenol oxidases and are typically found in higher plants, fungi, insects and bacteria. Fungal and plant laccases are involved in several physiological functions, including morphogenesis, fungal plant -pathogen/host interaction, degradation of lignocellulosic material and pigment production and the radical-based mechanisms of lignin polymer formation (Baldrian, 2006) . These extracellular enzymes have already been purified from a high number of fungi, which produce a wide variety of different isoenzymes. Laccases have been tested in a number of different industrial applications (Rodríguez Couto and Toca-Herrera, 2006 ) , which exploit their capacity to oxidise various substrates, including phenolic compounds and aromatic diamines, with the simultaneous four-electron reduction of molecular oxygen to water (Thurston, 1994; Solomon et al., 1996 Solomon et al., , 2001 . Several laccase genes encoding isoenzymes with different physico-chemical and catalytic characteristics have been cloned and characterised from Pleurotus spp. such as Pleurotus ostreatus (Palmieri et al., 1997; Giardina et al., 1999; Piscitelli et al., 2005) P. sajor-caju (Soden and Dobson, 2001) , P. sapidus (Linke et al., 2005) and P. eryngii (Muñoz et al., 1997a (Muñoz et al., , 1997b Wang and Ng, 2006; Bleve et al., 2008; Rodríguez et al., 2008) . Edible mushrooms of the genus Pleurotus are biologically versatile white-rot fungi able to degrade lignin and they belong to the Basidiomycetes group producing laccase. We have previously characterised and functionally expressed in Saccharomyces cerevisiae the ERY3 laccase gene from P. eryngii (Bleve et al., 2008) . During this study, we also isolated and cloned another laccase gene denoted ERY4. When expressed in its native form in S. cerevisiae, the Ery4 protein was secreted out of the yeast cells as an enzymatically inactive laccase. Ery4 shows an identity in their primary sequences of 95.3% with the laccase POXA1b from P. ostreatus and clusters with POXA1b, which undergoes in vivo C-terminal processing (Giardina et al., 1999; Piscitelli et al., 2005) .
In particular, it has been reported that several ascomycete laccases, isolated from Podospora anserina (FernandezLarrea and Stahl, 1996) , Neurospora crassa (Germann et al., 1988) , Myceliophthora thermophila (Berka et al., 1997) and Melanocarpus albomyces (Hakulinen et al., 2002; Kiiskinen and Saloheimo, 2004 ) are processed at their C-termini, resulting in the proteolytic removal of 13 residues. Although the sequences of the processed C-termini of these enzymes are different, these 13 residues are cleaved at a conserved cleavage site. Andberg et al. (2009) confirmed the evidence regarding the critical role-in enzyme activity, stability and kinetics-played by the last amino acids in the C-terminal end of M. albomyces laccase. The three-dimensional crystal structures of laccases from ascomycete and basidiomycete fungi, such as Lentinus tigrinus (Ferraroni et al., 2007) , Cerrena maxima (Lyashenko et al., 2006) , Rigidoporus lignosus (Garavaglia et al., 2004) , Trametes versicolor , M. albomyces (Hakulinen et al., 2002) , Coriolus hirsutus (Pegasova et al., 2003) , Coprinus cinereus (Ducros et al., 1998) and Pycnoporus cinnabarinus , have already been determined. However, relations between the structure of the laccase active site and its substrate affinity remain unclear. This evidence, together with the observation that several laccases undergo a C-terminal processing step during maturation, induced us to investigate the reasons behind the lack of activity of the recombinant Ery4 protein and to use it as a model for understanding the relationship between the structure of the carboxyl-terminal extension and the laccase activity. The first task in this study was to ascertain the role of the laccase C-terminal domain, not as yet understood, in regulating the biochemical features of fungal laccases. The second aim of this study was to propose a 'protein engineering' approach for the production of recombinant laccases with novel and improved biochemical properties. To date, laccases from the ascomycete M. thermophila (Bulter et al., 2003; Alcalde et al., 2006; Zumárraga et al., 2007 Zumárraga et al., , 2008a and the basidiomycetes Fomes lignosus (Hu et al., 2007) , P. ostreatus (Festa et al., 2008) and T. versicolor (Galli et al., 2011) have been used as the subject for molecular evolution strategies to construct 'better-performing' enzymes endowed with desired characteristics, because of their biotechnological interest.
In this study, we investigated what effects the genetic engineering of ERY4 3'-terminus had on the enzyme's structure and catalytic properties. The enzymatic activity, substrate specificity, thermal stability and stability under highly acid and basic conditions of the obtained recombinant laccases were investigated, showing that they exhibit different biochemical properties. The biochemical data obtained from each engineered ER4-derived laccase were also correlated with their structure as identified from the in silico analysis. To our knowledge, this is the first study describing the involvement of the C-tail in the inactivation/activation mechanism of a basidiomycete laccase experimentally demonstrated by functional and structural analyses. Moreover, the mutational strategy described could be an efficient method for laccase engineering and for producing novel enzymes with enhanced biochemical and technological features.
Materials and methods

Strains and growth conditions
The Escherichia coli strain used in this study was DH5a (F-, f80dlacZDM15, DlacZYA-argF). All procedures used for manipulating bacterial cells and recombinant DNA were standard (Sambrook et al., 1989; Ausubel et al., 1999) . The S. cerevisiae strain employed for heterologous expression was the CEN.PK2-1C strain (MATa ura3-52 his3-D1 leu2-3,112 trp1-289 MAL2-8c SUC2) and the plasmid used for protein expression in yeast was the pYES2 vector (Invitrogen, USA). Yeast cultures were grown using either a rich [YP medium ¼ 1% (w/v) yeast extract, 2% (w/v) peptone] or a minimal medium [YNB medium ¼ 0.67% (w/ v) yeast nitrogen base, supplemented with adequate quantities of auxotrophic requirements]. Carbon sources for yeast cell growth were glucose (2%, w/v) or galactose (2%, w/v). Yeast strain maintenance was achieved by plating onto YP-glucose or YNB-glucose medium supplemented with 2% (w/v) agar. Yeast strains were grown at 308C and cultures were always harvested during the exponential phase of growth. Yeast induction was obtained by incubating cells, previously grown under repression conditions, for 72 h in YNB medium supplemented with galactose and 1 mM CuSO 4 at 188C.
Mutant ERY4 gene production
Isolation of total RNA from fungal mycelia was performed as previously described (Bleve et al., 2003) . The absence of any contaminating DNA was assessed by using the purified RNA as template in a control PCR reaction (Bleve et al., 2003) . ERY4 cDNA was synthesised from total P. eryngii RNA by reverse transcriptase-polymerase chain reaction (RT-PCR) using the SuperScript TM First-Strand Synthesis System for the RT-PCR kit (Invitrogen, USA) using oligo dT primers. The cDNA obtained was used as template for ERY4 amplification in a PCR performed with the Phusion DNA polymerase (Finnzymes, Finland) , and the primer pair ERY4_ECO/ERY4_NOT (Table I) . Two different categories of ERY4 mutant genes were then produced. Mutants carrying C-terminal deletion were obtained by PCR amplification of the ERY4 gene using as forward primer the ERY4_ECO primer and as reverse primers the 2lessrev_Not, 5lessrev_Not, 8lessrev_Not, 11lessrev_Not, 14lessrev_Not and 18lessrev_ Not primers, respectively (Table I) . ERY4 mutant genes each carrying a different site-specific mutation at the C-terminus were produced by using the Phusion Site-Directed Mutagenesis Kit (Finnzymes, Finland) according to the manufacturer's instructions, using the NotI-digested pY-ERY4 DNA as template and the phosphorylated ERY4FMut as forward primer. Mutagenic reverse primers (Table I) were created by designing an opportune sequence mismatch: ERY4K/ERev (to change Lys 532 to Glu), ERY4K/ARev (to change Lys 532 to Ala), ERY4K/RRev (to change Lys 532 to Arg) and ERY4P/ARev (to change Pro 530 to Ala). The obtained genes were respectively denoted K532E, K532A, K532R and P530A.
Plasmid manipulations
The ERY4 gene and all the mutant versions derived from it were cloned into pYES2 vector (Invitrogen, USA) and the obtained constructs were transformed in Escherichia coli strain DH5a. Routinely, recombinant plasmid DNA was extracted as previously described (Bleve et al., 2005) and submitted to sequence analysis. DNA sequence was determined, on both DNA strands, using the Dye Terminator Cycle Sequencing Kit (Applied Biosystems, USA) and run on the automated sequencer ABI PRISM 3130 (Applied Biosystems). The sequence data were analysed using the Chromas software (version 1.45). Recombinant plasmids were used to transform the S. cerevisiae strain CEN.PK2-1C by the improved lithium-acetate method (Gietz et al., 1995) . Yeast cells expressing functional laccase were identified with a physiological assay on an agar plate. Colonies were picked from YNB SM-Ura plates supplemented with 2% glucose and transferred to SM-Ura plates supplemented with 2% galactose, 5 mM 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) (Sigma, USA) and 0.5 mM CuSO 4 . The plates were incubated for 3 days at 188C and checked for the development of a green halo.
Laccase activity assay
Laccase activity was assayed at 258C using (i) ABTS; (ii) 2-methoxyphenol (guaiacol); (iii) 2,6-dimethoxyphenol (DMP), ). (e) The assay mixture contained 1 mM TMB and 100 mM citrate buffer, pH 3. Oxidation of TMB was followed by an absorbance increase at 655 nm (e ¼ 39 000 M 21 cm
21
). One unit was defined as the amount of enzyme which oxidised 1 mmol of substrate per minute. All of the enzyme activity was expressed in international units.
Induction and expression of laccase genes
Yeast cells expressing a laccase gene were inoculated into YNB SM-Ura medium supplemented with 2% glucose and incubated with shaking at 308C. When the turbidity of the culture reached an optical density of 0.8 OD 600 , an amount of cells corresponding to 3.6 Â 10 10 CFU was harvested by centrifugation. The collected cells were washed once with water and then suspended at 0.6 OD 600 ml 21 concentration in 2 l of YNB-Ura medium, supplemented with 2% galactose and 1 mM CuSO 4 . Cultures were grown at 188C and samples were taken at different times for laccase activity determination.
Laccase purification
One litre of cultured cells was centrifuged, the pellet discarded and the broth pre-filtered with a micro-filtration system using a 0.45-mm membrane and then concentrated by the Stirred Ultrafiltration Cells equipped with a 10-kDa cut-off membrane filter (Millipore, USA). The concentrate (50 ml) was added with seven volumes of Tris/HCl 50 mM pH 8, and filtered again as described above. The filtrate was then fractionated on a High Q ion exchange column (1.6 Â 10 cm; Bio-Rad, USA) equilibrated with Tris/HCl 50 mM pH 8. Laccases were eluted with a linear gradient from 0 to 0.4 M NaCl (30 ml) in Tris/HCl 50 mM pH 8 at a flow rate of 1 ml/min. Fractions containing enzymatic activity were pooled, further concentrated by filtration through the Amicon cell YM-10 kDa membrane. The filtrate obtained was loaded on a Sephadex G-75 (1.6 Â 60 cm; Amersham, USA) equilibrated with Tris/HCl 50 mM pH 8 added with 50 mM NaCl, eluting the enzyme at a flow rate of 0.5 ml/min. The fractions containing purified laccase were collected, pooled and then stored with 20% glycerol at 2208C.
Protein analysis
Polyacrylamide gel electrophoresis and subsequent gel staining were carried out as described by Bleve et al. (2005) . Proteins from culture supernatants were concentrated by acetone precipitation, the pellets were suspended in running buffer. These samples were loaded on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then blotted onto a polyvinylidene difluoride membrane (Millipore, USA). Western blots were performed as described by Grieco et al. (1999) . Immunodetection of the laccase was performed using antibodies raised against P. cinnabarinus laccase (Record et al., 2002) . The primary antibodies raised against laccase were detected using a goat anti-rabbit Ig conjugated with alkaline phosphatase (Sigma, USA) at dilutions of 1 : 10000. Visualisation of antigen -antibody complexes was performed by chemiluminescent assay (SuperSignal West Pico; Pierce, USA) following the manufacturer's instructions. Protein concentration was determined using the Protein Assay dye reagent (Bio-Rad, USA) with bovine serum albumin as a standard.
Laccase kinetic assays
Kinetic parameters were determined using a spectrophotometric method for all substrates. k cat values were calculated using the total protein concentration in the enzyme solution. Control measurements without enzyme were carried out to correct for any chemical oxidation of the substrates at 258C. Laccase (2.2 mM) was incubated with increasing concentrations of substrates in reaction buffer, and the reaction product formed was measured every 30 s for 10 min. LineweaverBurke analysis was used to analyse the reaction kinetics parameter. All determinations were carried out in triplicate.
Temperature and pH-dependent residual laccase activity
Enzyme activity at different pH and temperatures was determined using 2 mM ABTS as substrate. To test pH-dependent activity, the enzymes were incubated for 60 h at 258C in 0.1 M sodium citrate buffer pH 3, 0.1 M sodium acetate buffer pH 4.5 and 5.5, and in 0.1 M phosphate buffer pH 6.5 and 8.0. The effect of temperature on the stability of laccase isoforms was evaluated by incubating the enzymes for 60 h at 10, 25, 40, 55 and 708C in 0.1 M phosphate buffer pH 6.5. All determinations were carried out in triplicate.
Bioinformatic analysis of recombinant laccases
Ery4: The 3D model of Ery4 (the target, UNIPROT ID B0JDP9_PLEER) was computed by comparison (homology modelling) with the 3D structure of two laccases, both available in the Protein Data Bank (PDB). The former was from T. versicolor (PDB code: 1GYC) , which was determined at 1.9 Å resolution and showing a sequence identity of 61% with Ery4. The latter was from M. albomyces (PDB code: 1GW0) (Hakulinen et al., 2002) , determined at Function of the C-terminal domain of a laccase 2.4 Å resolution, and sharing a sequence identity of 28% with Ery4. Because the template from T. versicolor covered only portion of the target, we adopted two different templates to properly modelling all the Ery4 residues. After superposition between 1GYC and 1GW0, the root mean square deviation (RMSD) results equal to 1.26 Å (measured after aligning 430 Calpha atoms in the the backbone). The C-terminus part was covered and modelled only considering the alignment with template from M. albomyces. Alignment was done with ClustalW (Thompson et al., 1994) , selecting Blosum matrix, default gap penalty for the opening and extension and manually checked. To better mimic the folding of the functional protein, we placed the four copper ions and two water molecules deemed to contribute to the reaction of the substrate in the binding site. Modelling was performed with the program Modeller v9.4 (Sali and Blundell, 1993) . For a given alignment, ten 3D models were built and were evaluated and validated with the PROCHECK and ProSa 2003 suites of programs (Laskowski et al., 1993; Sippl, 1993) , choosing the model that showed the best stereo-chemical and energetics features according to the above mentioned tools. This procedure was used to produce and validate the following described models.
Ery3: The 3D model of the Ery3 laccase of P. eryngii, a laccase isoform sharing 57% sequence identity with Ery4 (Bleve et al., 2008) , was build by adopting the template 1GYC .
Single point mutations: Using the 3D model of Ery4 as template, we built four different models with a single residue mutation by separately changing (i) the residue at position 532 from lysine to arginine (K532R), to alanine (K532A) and to glutamic acid (K532E); (ii) the residue at position 530 from proline to alanine (P530A). Upon residue substitution, a new model was computed with Modeller, taking into consideration the objective function value that is a measure of the satisfaction of the spatial restraints extracted from the provided alignment plus the stereochemical restraints (stored in the database of the program). All the resulted models were validated with ProSa 2003 and ProChek.
C-terminal deletion: In order to understand the structural changes due to the truncation of the C-terminus, we produced the 3D models of 2Less, 5Less, 8Less, 11Less, 14Less and 18Less, by using the 3D model of Ery4 as template. Each model was computed ex novo and again energy minimisation is performed according to the Modeller procedure.
Statistical treatment of data
Significant differences among different laccase isoforms were determined for each chemical and physical parameter by analysis of variance (Tukey, a ¼ 0.05). The comparison of different mutant isoforms was achieved by principal component analysis (PCA). Statistical data processing was performed using the XLSTAT 6.0 statistical pocket.
Results
Cloning of the P. eryngii ERY4 cDNA
A study aiming to characterise previously undescribed genes coding for laccases in P. eryngii had been carried out using an RT-PCR-based strategy (Bleve et al., 2008) . By using total RNA extracted from the P. eryngii PS419 mycelia as template and the ERY4_Eco/ ERY4_Not primer pair, a 1602-bp fragment was amplified with the above primers by RT-PCR and cloned in the pYES2 vector, thus yielding pY-ERY4. The sequence analysis showed that the ERY4 gene is likely to be an allele of the as yet uncharacterised P. eryngii PEL4 gene (Acc. nr ABB30169) (Rodríguez et al., 2008) , as indicated by the 99% identity level between the two sequences (not shown). The ERY4 gene (EMBL Accession Nr. AM774000) potentially codes for a polypeptide of 533 amino acids with an estimated molecular mass of 58.1 kDa. The amino acid sequence of Ery4 from P. eryngii PS419 exhibited 62-94% identity with laccases of other Pleurotus species (not shown) and 99% identity with that of the uncharacterised Pel4 from P. eryngii (not shown). The first block of 20 amino acids was likely to be the putative signal peptide, as indicated by the outcome of the prediction performed with the SPEPLip software (Fariselli et al., 2003) . The Ery4 sequence contained the four copper-binding regions used to identify the laccases (Kumar et al., 2003) , denoted as L1 (residues 84 -108), L2 (residues 124 -145), L3 (residues 414 -422) and L4 (residues 465-486). Potential N-glycosylation sites (Asn-Xaa-Ser/Thr) were identified using the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/ services/NetNGlyc/). They were found in Ery4 at positions 221, 314, 362, 454, 490, 510 and 513, whereas Cys-105/ Cys-506 and Cys-137/Cys-224 residues are potentially involved in disulphide bridge formation, due to the high sequence identity and consequently to the similar structure between target and template, PDB code 1GYC, where two disulphide bridges are recognised from the X-ray crystallography (data not shown).
Expression of ERY4 and mutant ERY4-derived genes in S. cerevisiae
The pY-ERY4 plasmid was used to transform the S. cerevisiae strain CEN.PK2-1C. Production of laccase was firstly assayed with a plate test, in the presence of ABTS as laccase-specific substrate for a direct colorimetric reaction. Indeed, the expected green halo surrounding recombinant yeast colonies was never observed for a yeast line transformed with pY-ERY4 (not shown). Laccase production was also studied in liquid cultures grown in synthetic media added with 0.5 mM CuSO 4 (final concentration). The yeast recombinant strain transformed with pY-ERY4 was grown in glucose medium and subsequently transferred into a medium containing galactose, to induce GAL1 promoter activation and grown at 188C. Although laccase activity was not found in the culture medium, electrophoresis on an SDS-PAGE carried out on laccase produced by recombinant yeasts expressing the ERY4 gene in the culture medium revealed a major band with an apparent MW of ca. 58 kDa, whereas no laccase bands were detected in yeast transformed with the pYES2 vector as a control (not shown). When the protein sample was probed in western blot analysis with an antiserum to laccase, the assay gave a clear-cut reaction, indicating that the 60-kDa band corresponded to the Ery4 recombinant laccase (Fig. 1) . In addition, a smear of larger proteins was detected, which indicated a possible overglycosylation of the recombinant protein. This behaviour has been already observed when a laccase gene from the Ascomycete M. albomyces was expressed in S. cerevisiae (Kiiskinen and Saloheimo, 2004) . In order to investigate the molecular basis behind the lack of biological activity of the recombinant Ery4, we decided to study the role of its C-terminal region in determining the enzyme's catalytic properties. To achieve this objective, several mutants were constructed according to the sketches reported in Fig. 2 . All ERY4-derived genes were inserted into the pYES2 vector and then separately transformed into S. cerevisiae. Formation of a green halo surrounding recombinant yeast colonies was detected after 2 -3 days of incubation by a plate test using ABTS as laccase-specific substrate. The above halo was not observed for the yeast line transformed with the gene carrying the K532R substitution, with the original ERY4 gene and with the empty vector (not shown). All the deleted proteins from 2Less to 18Less and the single mutant K532E exhibited significant activity ranging from 10 to 33 mU ml 21 (Table II) . The adopted purification procedures proved able to purify all the recombinant isoforms produced to homogeneity. In this phase, recombinant laccases were fractionated in order to purify the unglycosylated forms, which all showed an apparent MW of 60 kDa (Fig. 3) . Fractions corresponding to the unglycosylated pool of each laccase were collected and further purified by gel filtration. The purified Ery4 and Ery4K532R proteins did not show any oxidation over the tested substrates.
Biochemical and physical features of Ery4-derived mutant isoforms
The catalytic constants (k cat ) and the catalytic efficiency (k cat / K m ) obtained for all the laccase isoforms (Table III) showed that acidic pH is the optimal condition for the oxidation of the substrate ABTS. Among the two classes of mutants produced, the mutations that showed a considerable increase in their k cat / K m value on ABTS were 5Less Table III ). The recombinant laccases were further characterised by studying their affinities for the following four different substrates: syringaldazine, DMP, TMB and guaiacol (Table IV) . Among the phenolic substrates, high-affinity and high-catalytic constants were observed for syringaldazine and TMB, whereas oxidation of DMP and guaiacol was considerably slower and the respective K m constant higher, demonstrating a lower affinity of all the mutated laccases for the latter two substrates. The C-terminal deletions greatly influence the catalytic parameters for the substrates syringaldazine and TMB. Concerning the laccase isoforms expressed by Function of the C-terminal domain of a laccase point-mutated genes, the Ery4K532A mutant showed high affinity for syringaldazine (Table IV) . The 5Less isoform showed the best performance with TMB, the highest substrate affinities for DMP and, moreover, this mutant was the only isoform able to oxidise guaiacol, although oxidation activity was rather slow and the respective K m constant very high (Table IV) . The enzymatic activities of all mutant laccase isoforms were also examined at different pH values. All isoforms showed the highest activities with ABTS at pH 3, whereas higher pH values sensitively affect laccase activities, which were absent at pH 8 (Table V) . All isoforms, except the Ery4K532A mutant, were quite stable after 60 h of incubation at pH 6.5, revealing the highest stability values (97 -100% residual activity). Among the C-terminal deletion mutants, stability of all the isoforms decreased with lowering pH values ranging from 70-80% to 15 -25%, except for 8Less that showed decreased stability at pH 5.5 and maintained the same activity at lower pH values (Fig. 4) . The stability of these enzymes was almost unaffected by acidic pH (t 1/2 ¼ 34-42 h at pH 3; Table VII ). The mutant isoforms produced by the K523E and P530A genes were able to maintain higher stability levels at low pH values (t 1/2 ¼ 117 and 138 h, respectively, at pH 5.5; Table VII ). In general, ABTS oxidation was stimulated at elevated temperatures. Among C-terminal deletionderived isoforms, the optimum temperatures for 2Less, 5Less and 18Less were 55, 70 and 558C, respectively, whereas the highest ABTS oxidation rate for 8, 11 and 14Less was observed at 408C (Table VI) . By contrast, single-point mutations at position 532 produced laccases with highest activity at 558C, whereas the P530A mutant had the best ABTS oxidation rate at 708C. Thermal stability was investigated after 60 h of incubation of enzymes in 0.1 M phosphate buffer pH 6.5 with ABTS at different temperatures ranging from 10 to 708C. All the Ery4-deriving isoforms showed a decremental catalytic activity within the 10-558C temperature range (Fig. 5) . All the mutant laccases were completely inactivated after incubation at 708C (not shown). C-terminal deletion mutants retained their activity even after incubation at 258C, but the ABTS oxidation rate was reduced to 35-55% at 408C and to 15-30% at 558C. By contrast, the 5Less isoform activity completely disappeared at 558C. However, the point mutation K532E produced a more stable laccase isoform at 40 and 558C, compared with K532A and P530A ( Fig. 5 and Table VI ). The results obtained indicated that the C-terminal protein sequence is fundamental for laccase activity. In particular, K532 and P530 residues have a crucial role.
Statistical analysis of obtained data
In order to evaluate the different catalytic performances among the recombinant laccases, PCA was applied to the data set of the k cat /K m (min 21 mM
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) values obtained by oxidation of five different substrates (ABTS, syringaldazine, DMP, TMB and guaiacol) for 9 of the 11 laccases produced, with the exception of Ery4 and K532R, both inactive (Fig. 6) . The first principal component (PC1) accounted for 91.52% of the total variation, whereas PC2 explained 6.76% of the total variation. Along the PC1, the isoforms were clearly grouped into two clusters: the first (negative values of PC1) included the 5Less isoform and the second cluster ( positive values of PC1) grouped the other eight laccase isoforms, which were not distinguishable according to the selected variables. The PCA scores plot indicated that the distribution of laccase isoforms on the plane was clearly dependent on their catalytic performances, thus indicating that this statistical assay identified the 5Less isoform as the best-performing laccase with ABTS, DMP and guaiacol (Fig. 6 ). The PCA was also applied to the data matrix constituted by the specific activity at five pH values ( pH 3, 4.5, 5.5, 6.5 and 8) and five different temperatures (10, 25, 40, 55 and 708C) for the above nine recombinant laccase isoforms using ABTS as substrate (Fig. 7) . The first two principal components accounted for 97.17% of the total variation, with 91.58 and 5.59% explained by PC1 and PC2, respectively. Along the first component, the samples (laccase isoforms) were clearly grouped into three clusters. The 2Less and the 5Less isoforms were grouped into a single cluster on the left hand side of the plot, whereas sample K532A on the other side of the plot grouped into a more scattered cluster. Finally, the other samples (8Less, 11Less, 14Less, 18Less, K532E and P530A) were closely grouped in the central part of PC1 (Fig. 7) .
3D Modelling of Ery4 and Ery4 mutant proteins
The 3D model of Ery4 was obtained by homology modelling adopting the template structure of two laccases, one from T. versicolor (PDB code 1GYC) and the other from M. albomyces (PDB code 1GW0). Figure 8 shows a superposition between 1GYC (depicted in blue) with Ery3 (depicted in orange, Fig. 8A ) and Ery4 (depicted in yellow, Fig. 8B ). After structural superposition, the RMSD is 0.36 Å for 1GYC/Ery3 (measured after aligning 490 Calpha atoms in the backbone) and 0.39 Å for 1GYC/Ery4 (measured after aligning 493 Calpha atoms in the backbone), respectively, whereas superposition of Ery3 and Ery4 is 0.41 Å (measured after aligning 489 Calpha atoms in the backbone, not shown), showing that all three laccases shared the same 3D structure and that the active site T1-T2/T3 cluster results well overlapped (Fig. 8C ). The main difference between 1GYC and Ery3 versus Ery4 consisted of the structural position of the C-terminus. In fact, the C-termini of 1GYC and Ery3 had a similar structural position, it being very different to that showed by the (Ery4) C-terminus, which positionated very close the T2/T3 cluster. The distance between the carbon alpha of the last C-terminus residue and the copper T1 is equal to 25.90 Å in 1GYC (Gln499), 16.67 Å in Ery3 (Ala531) and 9.17 Å (Ala533) in Ery4, respectively. Similarly, the distance between the carbon alpha of the last C-terminus residue and the copper T2/T3 cluster is equal to 20.55 Å , 9.96 Å and 4.82 Å for 1GYC (Gln499), Ery3 Function of the C-terminal domain of a laccase (Ala531) and Ery4 (Ala533), respectively. Several lines of evidence revealed that the lysine 532 residue is involved in the absence of enzymatic activity of Ery4 in S. cerevisiae. The 3D model of Ery4 was built due to the possibility of a 'nearest neighbour residue' analysis, that revealed that the lysine 532 residue could be well stabilised by the presence of hydrogen bonds with the residues aspartic acid 474, histidine 131, threonine 134 and cysteine 137. These bonds limited the lysine 532 residue inside a sort of cage and block the Ery4 C-terminus, thus preventing any binding between the substrates and the laccase catalytic site (Fig. 9A) . Given the short distance from the trinuclear cluster and the Ery4 C-terminus, we assumed a steric hindrance that prevents the proper functioning of laccase in the presence of the Fig. 4 . pH-Dependent stability of purified laccase isoforms. pH-dependent stability of purified laccase isoforms after 60 h incubation at 258C in 0.1 M sodium citrate buffer pH 3, 0.1 M sodium acetate buffer pH 4.5 and 5.5, and in 0.1 M phosphate buffer pH 6.5, respectively. Enzymatic activities were reported as residual activity (%) using ABTS as substrate for the C-terminal truncation mutants (black column) and single amino acid substitutions (white column). No activity was detected for the Ery4 laccase. C-terminus lysine 532. The isoform carrying the lysine 532 residue mutated into an arginine residue (K532R, conservation of the charge, Fig. 9B ) was likely to maintain the same interactions with other neighbouring residues, with the exception of the threonine at position 134, and it consequently did not unlock the Ery4 C-terminus. When the lysine 532 was substituted by a negative residue (glutamic acid, K532E, inversion of charge, Fig. 9C ), the computed model showed only an hydrogen bond with the histidine at position 131, thus allowing substrate interaction with the enzymatic core site, as also indicated by enzymatic assay (Fig. 3D) . When the lysine 532 residue was mutated to alanine (K532A, loss of charge and substitution with an apolar residue, Fig. 9D ), it was able to establish an interaction bond only with the histidine 131 residue. The substitution of the proline 530 in alanine ( Fig. 9E and F, respectively) was likely to produce a more relaxed structure in the C-portion compared with the wild type, as the proline residue (characterised by a limited polarity) was replaced by an apolar aliphatic residue (alanine). Although the nearest-neighbour residues were generally maintained, a decrease in hydrophobic contacts around the mutated residue and the formation of a hydrogen bond with the glycine residue at position 133 were observed. The comparison of the 3D model of Ery4 with the models of mutant laccases obtained by progressive deletion of the C-terminus (Less Fig. 5 . Thermal stability of purified laccase isoforms. Thermal stability of purified laccase isoforms after 60 h of incubation in 0.1 M phosphate buffer pH 6.5 at 10, 25, 40, 55 and 708C, respectively. Enzymatic activities were reported as residual activity (%) using ABTS as substrate for the C-terminal truncation mutants (black column) and single amino acid substitutions (white column). No activity was detected for the Ery4 laccase. Function of the C-terminal domain of a laccase mutants), highlighted the occupancy of the C-terminus of Ery4-WT (Fig. 10A ) and the increased accessibility of the Cu-cluster site (Fig. 10B-G) . The accessibility of the T1 copper, promote the function of the laccase. Ery4 wt is a non-functional laccase. Our wet experiments, also corroborated from the in silico results, show that K532 is the key residue in the loss of function. For this reason, we proceed with the deletions experiments, keeping in mind that (1GYC) with folded ERY3 and ERY4 from Pleurotus eryngii. Structural overlapping of the template 1GYC (coloured in blue) and the computed models of functional Ery3 (A) and non functional Ery4 (B), depicted in orange and yellow, respectively. The N-terminus is highlighted with a green circle and it is in the same spatial position for all the three sequences. The C-terminus is placed in different positions. The 1GYC C-terminus is highlighted with a blue circle, an orange circle is depicted for Ery3 and a yellow circle identifies the Ery4 C-terminus position. The distance between the last C-terminus residue and T1 is equal to 25.9 Å in 1GYC, 16.45 Å in Ery3 and 12.10 Å in Ery4, respectively. Similarly, the distance between the last C-terminus residue and the T2/T3 cluster is equal to 20.54 Å , 12.18 Å and 6.60 Å for 1GYC, Ery3 and Ery4, respectively. After structural superimposition, the RMSD is 0.36 Å for 1GYC/Ery3 and 0.39 Å for 1GYC/Ery4, respectively. Zooming into the T1 T2/T3 cluster (C) of 1GYC details the electron transfer pathway of a functional laccase coloured in blue. Model of Ery4 in the same region is depicted in yellow. Numbering is related to the template. Hydrogen bonds length between copper ions and the cluster coordinating residues, are reported in the inset C1. The proposed most favoured pathway of electron transfer in 1GYC from Cu1, through sulphur and oxygen atom of Cys453 to the Nä1 of His452/His454 and finally to the T2/T3 cluster, is also verified in Ery4. However, the key residue K532 at the C terminus of Ery4 is hydrogen bonded with the coordinating H131 of copper ion 2 and with T134, C137 and D474 (inset C2), suggesting its role in hampering protein function. Upon deleting this residue, function is restored. See text for details. Fig. 9 . 3D Modelling of ERY4 and point mutated isoforms. (A) The wild-type K532 residue stabilised by the negative charged residues D474, H131, T134 and C137; (B) K532R substitution. R532 residue interaction with the residues H131, C137. There is an increased degree of freedom for the C-terminus portion by charge neutralisation due to residue D478 and the absence of interaction with residue T134. (C) K532E substitution. Residue E532 has an interaction only with H131. The negative charge is not neutralised, producing a change in C-terminus portion folding and a loss of C-terminus stabilisation. (D) K532A substitution. The apolar A532 residue displays few reactivity in its interaction with residue H131, giving an improved degree of freedom for the C-terminus portion. (E) The wild-type P530 aromatic ring stabilised by residue D478. (F) P530A substitution. The apolar A532 residue produced a more relaxed structure in the C-portion. P530 isoform showed loss of interaction of the Proline aromatic ring with residue D478 and the new interaction with residue G133. although the continuous deletion can increase the accessibility to the T1 copper, at the same time, there is a decrease in the protein stability that causes a loss of function due to an incorrect folding. These last findings could allow to explain the restore of the enzymatic function due to the deletion of C-terminus residues (Tables VI and V) .
Discussion
A cDNA encoding a hitherto undescribed laccase isoenzyme in P. eryngii, denoted ERY4, was cloned, sequenced and its amino acid sequence deduced. The differences found between the Ery4 sequence and the dendrogram obtained from the alignment of several phenol oxidases (not shown), suggest that Ery4 belongs to a phylogenetic group different from that including Ery3. Ery4 did not show laccase activity in its native form. Similar evidence has been obtained by Rodríguez et al. (2008) , who expressed an allele of ERY4 (denoted by the authors as PEL4) in Aspergillus niger and produced the expected polypeptide lacking its biological properties, due to the instability of the recombinant enzyme.
We hypothesised that incorrect or absent C-terminal processing of this enzyme could be the molecular determinant of its lack of activity. Although the role of C-terminal processing of laccase has not been fully ascertained, several authors have suggested that it should be involved in enzyme activation (Hakulinen et al., 2002; Andberg et al., 2009; Autore et al., 2009 ). Alignment of the P. eryngii Ery4 laccase protein sequence with that of laccases from basidiomycetes with known 3D structure highlighted the presence of a more protruding C-terminal tail of 16 amino acids (residues 517 -533 in the sequence) in Ery4. In contrast, a C-terminal tail (of 13-14 amino acids), usually cleaved by proteolysis in the active form, was found in deduced amino-acidic sequences of laccases from the ascomycetes P. anserina (Fernandez-Larrea and Stahl, 1996) , N. crassa (Germann et al., 1988) , M. albomyces (Kiiskinen and Saloheimo, 2004) and M. thermophila (Bulter et al., 2003; Zumárraga et al., 2008a) . If this C-terminal extension acts as a cap obstructing the T2/T3 channel, its cleavage is required to allow access of the oxygen molecule and subsequent exit of water through the above channel, as described for the C-terminus of M. thermophila laccase (Zumárraga et al., 2008b) . To date, it is not known whether this feature is also associated with laccases from basidiomycetes. POXA1b, a laccase isoenzyme isolated from P. ostreatus, homologous to Ery4 protein (95% similarity) undergoes a C-terminal processing (Giardina et al., 1999) . The high similarity among POXA1b and Ery4 primary structures led us to hypothesise that the lack of enzymatic activity of Ery4 laccase expressed in S. cerevisiae was due to its incorrect or absent C-terminal processing.
A double mutagenesis strategy was used to clarify the role of this protein domain: C-terminal truncated and site-specific mutants were constructed.
All the mutant Ery4-derived isoforms were correctly secreted, thus indicating that the above region is not essential for secretion of the functional recombinant enzyme. Ery4 does not share the above property with the M. thermophila laccase, whose C-terminus is essential for early posttranslational processing step (Bulter et al., 2003) .
The evidence that truncation of the latter two residues was able to restore enzymatic activity leads us to hypothesise that deletion of the above two terminal residues is required to Fig. 10 . 3D Model of Ery4 wild type and the mutant isoform models obtained with progressive deletion of C-terminus portion. Cartoon, spacefill and hydrophobic surface representation, of the 3D model of Ery4-WT (A) and the mutant isoform models obtained with progressive deletion of C-terminus portion 2Less (B), 5Less (C), 8Less (D), 11Less (E), 14Less (F) and 18Less (G). Cartoon and spacefill are group coloured, from N-ter (blue) to C-ter (red). Surface depicted with the Kd hydrophobicity colour code, from hydrophilic (blue) to hydrophobic (red). This representation highlights the occupancy of the C-terminus of Ery4-WT (A) and the increased accessibility to the Cu-cluster site (asterisk) due to the C-terminus deleted residues (B-G).
Function of the C-terminal domain of a laccase remove the C-terminal plug. Partial deletion of the Ery4 C-terminal tail could influence binding/interaction of the laccase with the reducing substrate and the different sizes of the analysed substrates could be responsible for the different effects observed. Moreover, truncation of a more extended C-terminal region, although it activated the derived enzymes, did not improve the catalytic properties towards all the analysed substrates. In contrast, recent results obtained with M. albomyces laccase have clearly demonstrated that deletion of the last four amino acids dramatically affected the activity of the enzyme (Andberg et al., 2009) . Site-directed mutagenesis of selected amino acid residues in the C-terminal portion of Ery4 shed light on the role of the lysine at position 532 in the activation of catalytic activity. The predicted 3D model of the recombinant Ery4 laccase suggested that the C-terminal tail was strongly stabilised by the electrostatic interactions of lysine 532 and hydrogen bonds with neighbouring residues (Fig. 9A) . This structure should affect Ery4 laccase function by not allowing dioxygen or substrate to bind the catalytic site, as already demonstrated for the M. albomyces laccase (Andberg et al., 2009 ). This hypothesis is also in accordance with the data obtained by Hakulinen et al. (2002) , who demonstrated that the protruding C-terminal of M. albomyces laccase acts as a plug by obstructing the trinuclear (T2/T3) channel. This evidence is confirmed by several lines of evidence: (i) substitution of the above lysine with a similarly charged arginine residue did not produce an isoform denoted by catalytic activity; (ii) its exchange with either a negatively charged glutamic acid or a neutral alanine, both able to establish a single interaction with the histidine at position 131, produced two biologically active laccase isoforms.
It is noteworthy that the substitution of proline with an alanine at position 530 of the Ery4 amino acid sequence restores the laccase catalytic properties. Position 530 is located in a loop at the C-terminus that, in agreement with the modelling analysis, constitutes a kind of stopper blocking the channel through which the substrate can access the enzyme catalytic site (Hakulinen et al., 2002) . Therefore, it can be hypothesised that the substitution of proline at position 530 could destabilise the final part of the C-terminal loop, thus allowing oxygen and water molecules to reach the T2/T3 copper cluster. Zumárraga et al. (2008a,b) and Bulter et al. (2003) suggested that the C-terminal tail influenced the mature enzyme during the processing steps, thus affecting its catalytic function. In our hypothesis, the mutations in the C-terminal extension affected the protein properties at a structural level, improving enzyme activity towards phenolic and nonphenolic substrates, although the extension was not cleaved from the mature protein.
PCA of specific catalytic performances and of specific activity at different pH and temperature values produced a distribution of the new laccase isoforms on the plane, giving indications as to the best-performing new laccase variants as helpful biocatalysts in relation to specific working conditions.
Within the panel of mutated Ery4 enzymes, higher stability under different environmental conditions ( pH and temperature) was shown to be one of the most remarkable properties of the 5Less mutant, which proved to be a thermostable laccase variant able to work in a range varying between 10 and 708C. Moreover, besides maintaining high stability at alkaline pH values, this laccase variant increased its stability at acidic pH, with a half-life of around 30 h under acidic pH conditions. As an important limitation for laccase use in bioremediation of industry wastewaters and detoxification of environmental pollutants is enzyme stability under process conditions, the high stability exhibited by the 5Less mutant increases its biotechnological potential. Moreover, specific activities higher than those of the other produced mutants were measured for the mutant 5Less and, in particular, for the first time catalytic activity was reported towards the phenolic substrate guaiacol. Within the Pleurotus genus, this activity has been observed only in the POXC of P. ostreatus (Palmieri et al., 1997) and never before described in P. eryngii laccase isoforms.
In conclusion, for the first time in our knowledge, experimental evidence of the C-terminal region involvement in the inactivation/activation mechanism of a basidiomycete laccase was produced. Moreover, this study increases knowledge of the structure-function relationships of fungal laccases, which is fundamental for enhancing the biotechnological strategies for the industrial exploitation of these enzymes.
